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Stimulation of renin secretion by non-diuretic sulfhydryl reagents.
Organomercurial diuretics stimulate renin secretion although the under-
lying cellular mechanisms remain undefined. Since organomercurials
are also known to react with sulthydryl groups, the present studies
determined the effects of sulthydryl reagents on renin secretion. The
effects of the non-diuretic mercurial agent, parachloromercuriphenyl-
sulfonate (PCMPS), as well as that of other suithydryl reagents,
N-ethylmaleimide (NEM), N-phenylmaleimide (NPM) and monobro-
motrimethylammoniobimane (qBBr), on renin secretion were deter-
mined in rabbit renal cortical slices. All four reagents stimulated renin
secretion. NEM, which has a high membrane permeability, stimulated
secretion to a relatively small extent and its effects were not apparent
for at least one hour. Conversely, PCMPS, which is much less perma-
nent than NEM, produced the largest stimulation and these effects were
apparent within one hour. The stimulation of secretion by suithydryl
reagents was independent of the concentration of Ca2, Na, and K in
the incubation media, suggesting that the stimulation is not secondary
to alterations of intracellular ion concentrations. These results raise the
possibility of direct involvement of sulthydryl groups of particular
membrane protein(s) of the juxtaglomerular (JG) cells in some steps
leading to renin secretion, and raise the possibility that sulfliydryl
reactivity might in part account for the stimulatory effects of organo-
mercurial and other diuretics.
Organomercurial diuretics and other nonmercurial diuretics,
such as ethacrynic acid and furosemide, stimulate renin secre-
tion in vivo [1—8]. These diuretics are known to inhibit the
NaCIIKC1 cotransport in the thick ascending loop of Henle [9,
10]. Their ability to stimulate renin secretion has thus been
ascribed to such alterations in cation transport in the thick
ascending loop of Henle and perhaps the macula densa [11, 12].
The nature of the signal between the macula densa and the
juxtaglomerular (JG) cell has not been established [13].
The molecular mechanism of action of "loop" diuretics on
NaCI/KCI cotransport is not clearly understood. Organomercu-
rial diuretics and perhaps ethacrynic acid may act by reaction
with sulfhydryl groups of proteins [14, 15]. Support for this
contention may be inferred from the observation by Miller and
Farah [161 that several sulfhydryl reagents which were not
diuretic themselves could nonetheless prevent or reverse natri-
uresis induced by organomercurials. Similar findings have been
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made in isolated perfused thick ascending loops of Henle [9].
Thus the diuretic actions of organomercurials, and possibly
their stimulatory actions on renin secretion, may in part involve
sulfliydryl reactivity. Several reports, however, indicate that
there may be conditions when diuretic actions are not closely
correlated with stimulation of renin secretion [1, 2, 4—6, 17].
These reports raise the possibility that sulthydryl reactivity per
se may influence renin secretion independently of natriuretic
action.
The present studies were initiated to examine the involve-
ment of sulthydryl groups in renin secretion. To distinguish
sulthydryl reactivity from diuretic actions, we examined four
non-diuretic sulthydryl reagents; N-ethylmaleimide (NEM),
N-phenylmaleimide (NPM), P-chloromercuriphenylsulfonate
(PCMPS) and monobromotrimethylammoniobimane (qBBr).
All four reagents stimulated renin secretion in vitro from rabbit
renal cortical slices, suggesting that sulfiiydryl groups may play
a role in the biochemical mechanisms governing renin secre-
tion.
Methods
New Zealand white rabbits, weighing 2.5 to 3.5 kg, were
maintained on regular rabbit chow (Ralston Purina Co., St.
Louis, Missouri, USA). Kidneys were removed under anesthe-
sia with sodium pentobarbital (30 mg/kg i.v.). The removed
kidneys were halved along the long axis and 5 mm square tissue
blocks were cut along the cortico-medullary axis. Renal cortical
slices about 0.5 mm thick were then prepared with a Stadie-
Riggs tissue slicer as described previously [181. Tissue blocks
and slices were prepared on ice in Krebs-Ringer bicarbonate
solution continuously gassed with 95% 02-5% CO2. After
preparation of the slices, they were incubated together for 45 to
90 minutes in an atmosphere of 100% 02 in approximately 100
ml of incubation media at 37°C. The media was renewed two to
three times during the incubation. Two or 3 slices, with a
combined weight of 50 to 100 mg, were incubated in flasks
containing 2 ml of media with the following composition (in
mM):
Normal Na medium. NaC1, 140; KCI, 5.0; CaCl2, 2.0;
MgCI2, 1.0; glucose, 10 and N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid (HEPES), 10; adjusted to pH 7.0.
High K media. This contained 135 mtt KC1 and 10 mM NaCI
with other constituents the same.
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Sulfhydryl reagent
Renin secretion
ng AI/100 mg/hr
Control + Reagent
NEM
NPM
qBBr
PCMPS
110 12.0
113 17.2
122 21.5
138 10.2
115 18.8
629 103
221 23.1
2268 481
5.3 15.4
516 92.5°
82 26,3a
2131 481°
Ca2 ..free media. This was prepared from normal Na or
high K media by omission of Ca2 and inclusion of 1 mM
ethyleneglycol bis (f3-aminoethylene ether)-N,N ,N' ,N '-tetraace-
tic acid (EGTA).
Slices were incubated for two or three 60-minute periods. The
first incubation period served as control. For subsequent peri-
ods, slices were incubated in media containing sulthydryl
reagents. Sulfhydryl reagents used were N-ethylmaleimide
(NEM), N-phenylmaleimide (NPM), p-chloromercuriphenyl-
sulfonate (PCMPS) and monobromotrimethylammoniobimane
(qBBr).
At the end of each incubation period, slices were blotted on
a Whatman filter paper and weighed. Incubation medium was
immediately centrifuged (2,000 x g for 10 mm at 4°C) and the
clear supernatant frozen for subsequent determination of renin
activity. Renin activity was determined from the formation of
angiotensin I by incubation of media with plasma of nephrec-
tomized rabbits. Angiotensin I was assayed by the immunoas-
say described by Haber et al [19], using an angiotensin I
radioimmunoassay kit obtained from DuPont NEN Research
Products (Wilmington, Delaware, USA). Renin secretion is
expressed as nanograms of angiotensin I per 100 mg wet weight
per hour (ng Al . 100 mg . hr). The rate of renin secretion
during the second and third incubation periods was also ex-
pressed as a ratio to that during the first control period.
Differences between values was determined by paired or un-
paired Student's t-test.
P-chloromercuriphenylsulphonic acid and N-ethylmaleimide
were obtained from Sigma Chemicals (St. Louis, Missouri,
USA). Monobromotrimethylammoniobimane was obtained
from Calbiochem (San Diego, California), and N-phenylmalei.
mide from U.S. Biochem. Corp. (Cleveland, Ohio, USA). All
other reagents were of analytical grade.
Results
The effects of four sulfhydryl reagents on renin secretion by
rabbit renal cortical slices incubated in normal Na media are
summarized in Table 1. Incubation of renal cortical slices for
one hour with 1.0 m NEM had no effect on secretion but
PCMPS, NPM and qBBr all significantly increased renin secre-
tion. Of these agents, qBBr produced the smallest stimulation
(magnitude of response was 1.73 0.21; N = 6. P < 0.01).
PNM produced a nearly sixfold increase (5.70 0.52; N = 6, P
<0.001) and PCMPS increased secretion almost 17-fold (16.8
3.5; N = 6, P < 0.001).
The responses to NEM and qBBr did not appear to reach
Incubation period
Fig. 1. Time-dependent stimulation of renin secretion by three sulfliy-
dry! reagents. Tissues were incubated in normal Na medium for three
consecutive one-hour periods. Following the first period (1) in the
absence of reagents (C), tissues were incubated for two consecutive
one-hour periods in the presence of 1 mri NEM (I), NPM (U) or qBBr
(A). Results are expressed as the ratio of renin secretion during periods
2 and 3 relative to period I (E/C). The effects of NPM were nearly
maximal within one hour, whereas the effects of NEM and qBBr
appeared more slowly. Each point represents the mean SE for six
observations.
maximal values within the first hour of exposure. A significant
response to NEM was noted in the second hour when slices
were incubated for two consecutive one-hour periods (Fig. 1;
2.12 0.37 times the control value; N = 6, P < 0.01). Similarly
the magnitude of stimulation by qBBr in the second hour of
exposure to the agent was twice that of the first hour of
exposure (3.23 0.22 vs. 1.73 0.21; N = 6, P < 0.001). The
responses to NPM and PCMPS observed in the second hour of
exposure was not much greater than that observed during the
first hour of exposure and thus the response to these agents
appeared to reach a maximal value within one hour (Figs. 1 and
3).
Since PCMPS produced the largest response, its actions were
further characterized. Figure 2 shows the concentration depen-
dence of PCMPS stimulation of renin secretion. To exclude
potential inhibitory effect of Ca2 (see Discussion) slices were
incubated in Ca2-free, normal Na medium. PCMPS at l0— M
or greater concentrations stimulated renin secretion. The max-
imal effects of the sulfhydryl reagent were noted at approxi-
mately at l0— M. Similarly, NPM produced a marked stimula-
tion of renin secretion in slices incubated in Ca2-free media
(control 112 11.3 ng Al . 100mg . hr 1; NPM 823 180 ng
Al. 100 mg' . hr'; N = 5; P < 0.025).
PCMPS reacts with sulfhydryl groups, forming reversible
mercaptide complexes. Thus free sulihydryl groups might be
regenerated by removal of the reagent and/or addition of thiol
reducing agents such as dithiothreitol. Exposure of slices to
PCMPS (l0— M) stimulated renin secretion 29.5 5.9-fold (N
= 6, P < 0.001) which was decreased to 4.56 0.52-fold over
the control upon the removal of PCMPS from the incubation
medium. In another series of experiments exposure of slices to
PCMPS (5 x l0— M) stimulated renin secretion 17.1 4.2-fold
(N = 6, P < 0.001) over the control (Fig. 3). When slices were
Table 1. Effect of sulfliydryl reagents on renin secretion in normal
Na medium containing 2 mrs Ca2
Values are mean sE from 6 incubation flasks. Renal cortical slices
were incubated in normal Na medium for 60 mm each before (control)
and after addition of sulthydryl reagents (1.0 mM). P < 0.01 or less
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LOG IPCMPS]
Fig. 2. Concentration-stimulation relationship of PCMPS on renin
secretion. Tissues were incubated in a Ca2-free normal Na medium
for one hour each in the absence (C) and then presence (E) of varying
concentration of PCMPS. Control tissues, incubated without PCMPS,
served to correct for time-related changes in secretion. Each point
represents the mean SE for five observations. PCMPS at the lowest
concentration (10 M) significantly increased renin secretion (EIC =
1.51 0.18, P < 0.025).
+ PCMPS
+ PCMPS PCMP/ us
Incubation period
Fig. 3. Reversible stimulation of renin secretion by PCMPS. Tissues
were incubated in normal Na medium for three consecutive one hour
periods. One group of tissues was incubated in the presence of 5 x lO
M PCMPS for the next two periods (4-PCMPS). Another group was
incubated with PCMPS during period 2 and with PCMPS-free medium
containing 1 mri DTT during period 3 (—PCMPS + Dli'). Results are
expressed as the ration of renin secretion during the second and third
period (E) to that during the first period. Stimulation of renin secretion
was largely (>80%) reversed by removal of PCMPS. Each point
represents the mean SE for six observations.
transferred to fresh media containing 1 mM DTT and no
PCMPS, the rate of renin secretion declined to a value only 2.47
0.41-fold over the control value (N = 6, P < 0.005). DTT
alone had no significant effect on renin secretion. Thus the
stimulatory actions of PCMPS is largely reversible.
PCMPS and other sulthydryl reagents are known to increase
cell membrane permeability to Na and K [15, 20] thereby
decreasing intracellular K and increasing intracellular Nat It
Renin secretion
ng Al/100 mg/hr
Control + PCMPS i
Mean SE 57.7 6.7 1616 287 1559 281
Slices were incubated with and without PCMPS (5 x iO M) for 60
mm in high K medium containing 2 mrvi Ca2. The increase in renin
secretion rate was highly significant (N 6, P < 0.001).
Table 3. Effect of PCMPS on renin activity
Renin activity
ng Al/mi/hr
—PCMPS +PCMPS
Mean SE 44.4 14.5 39.0 13.5 —5.4 1.5
is conceivable that stimulation of renin secretion resulted from
such a change in monovalant cation composition. To test this
possibility, the effects of PCMPS were determined in slices
incubated in high K, low Na media where such changes
intracellular ions would be minimized. As previously reported
[211, incubation of slices in elevated K + media depresses renin
secretion owing to an elevation in intracellular Ca2t In the
present study incubation in high K medium decreased renin
secretion by about one half (Table 2 vs. Table 1). However,
PCMPS stimulated renin secretion in slices incubated with high
K to at least the same extent as observed in slices incubated
with normal Na media (27.7 2.7-fold over the control
values; N = 6, P < 0.001). Thus alterations in intracellular Na
would not seem to account for the actions of PCMPS. When
slices were incubated in high K, Ca2 tfree media, (conditions
which elevate renin secretion [21]), sulfhydryl reagents pro-
duced a further increase in secretion (control 165 14.5 ng
Al. lOOmg' . hr';NPM2674 672 ngAI. 100 mg1 . hr';
16.0 3.0-fold; N = 5).
To determine whether sulthydryl reagents might activate
renin activity per se, the renin activity of media was assayed
with and without preincubation with 1 mM PCMPS for one hour
at 37°C. Renin activity was slightly diminished (Table 3).
Therefore, stimulation of renin secretion by PCMPS cannot be
accounted for by a direct activation of renin.
Discussion
The present results demonstrate that four sulfhydryl reactive
agents, NEM, NPM, qBBr and PCMPS, stimulate renin secre-
tion by renal cortical slices. Of the compounds tested, PCMPS
produced the greatest stimulation while the response to NEM
was much smaller and slower in onset. The effects of PCMPS
were largely reversed by removal of the reagent. The effects of
sulfhydryl reagents were apparent in slices incubated under
conditions where intracellular Ca2 was elevated (incubation in
elevated K, Table 2) or where intracellular Ca2 was depleted
(incubation in Ca2-free media, Fig. 2). The magnitude of
stimulation by PCMPS was some 20- to 40-fold, far greater than
that produced by other stimuli. For example, in slices incubated
50
40
()
C
.2 30
'a
20C
'a
Table 2. Effect of PCMPS on renin secretion in high K medium
10
—5 —4
—3
Aliquots of media from control incubations were incubated in the
presence and absence of! mti PCMPS for 1 hr at 37°C (N = 6). Samples
were then analyzed for renin activity.
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in normal Na media, catecholamines stimulate renin secretion
severalfold [181 while the response to PCMPS was 17-fold.
Sulihydryl reagents are known to have many effects on the
membrane functions [15]. For example, they can inhibit the
Na ,K-ATPase and Ca2tATPase and increase the membrane
permeability to Ca2 [15, 22,23], and it is conceivable that their
effects on renin secretion are secondary to such changes.
However, these possibilities are not likely since the net result of
such effects would be to increase the intracellular Ca2 concen-
tration and an increase in intracellular Ca2 concentration in JG
cells inhibits renin secretion [18, 21]. Thus, while suithydryl
reagents may increase intracellular Ca2, they must also pro-
duce other changes to account for the stimulation in renin
secretion.
It is also possible that the reagents interfere with the inhibi-
tory actions of Ca2 on renin secretion such that secretion is
increased. In this regard, it has been noted that NEM inhibited
Ca2-induced secretion in other secretory cells [24—26]. For
example, in preparations of cortical granules with attached
plasma membranes obtained from sea urchin eggs, NEM inhib-
ited exocytotic release of granule contents. This change re-
flected an increased threshold concentration of Ca2 for secre-
tion while mild proteolytic digestion restored the change [24].
Other reports indicate that sulfhydryl groups might be directly
involved in Ca2 binding to proteins [23, 27—29]. It follows that
sulthydryl reagents could stimulate renin secretion by blocking
or relieving an inhibitory action of Ca2 on proteins involved in
renin secretion. However, both PCMPS and NPN stimulated
renin secretion equally well in the presence and absence of
Ca2 in the medium (Tables I and 2, Fig. 2). These results are
inconsistent with an action of the reagents to mask an inhibitory
effect of Ca2t
PCMPS and other sultliydryl reagents are also known to
markedly increase membrane permeability selectively to Na
and K [15, 20]. It may be that sulfhydryl reagents stimulate
renin secretion secondary to alterations in intracellular Na and
Kt The effects of PCMPS and NPM were apparent regardless
of the K + concentration of the media. Thus it is unlikely that
changes in monovalent cation permeability could account for
changes in renin secretion.
Some insight into the site of action of the sulthydryl reagents
can be deduced. Since there was a marked difference in the
magnitude of stimulation and time of action among the reagents
tested, it is unlikely that they react with sulthydryl groups on
the outer surface of the cell membrane in direct contact with the
medium. NEM is known to rapidly cross cell membranes and
accumulate within the cell. Conversely, PCMPS only slowly
penetrates cells [15, 20]. Since NEM produced a much smaller
effect and acted more slowly than PCMPS, it is likely that the
suithydryl group(s) involved in renin secretion is located within
the plasma membrane. Further support for the notion that the
critical sulthydryl group is in a hydrophobic environment comes
from the observation that the hydrophobic reagents, NPM and
qBBr [30] produced a much greater effect than the hydrophilic
NEM (Table 1, Fig. 1).
A similar relationship between the actions of NEM and
PCMPS has been reported for the sugar transport system of red
blood cells [31, 32]. NEM had little effect on glucose transport
although it was taken up by the cells within five minutes while
PCMPS, which is more slowly taken up, produced a rapid
inhibition of sugar transport. Similarly p-chloromercuriben-
zoate (PCMB), which permeates red blood cells more than
three times as fast as PCMPS, had much less effect on cation
permeability than PCMPS [20].
Stimulation of renin secretion by sulthydryl reactive agents
may have bearing on the stimulatory effects of loop diuretics on
renin secretion, particularly the sulfhydryl reactive organomer-
curials. Ethacrynic acid (which may have suiThydryl reactivity
[14]) was found to stimulate renin secretion without ureteral
occlusion but not with ureteral occlusion [3, 4]. These findings
were interpreted as the supporting evidence for the stimulation
being mediated by the inhibitory action of the diuretic on the
NaCI transport in the thick ascending loop of Henle and/or the
macula densa [3, 4]. An alternative interpretation is possible
however: ureteral occlusion alone may stimulate renin secre-
tion to such an extent that ethacrynic acid may be unable to
stimulate further. This alternative possibility is supported by
the findings of Eide et al [33]. They found that lowering renal
arterial pressure stimulated renin secretion. However, when
renin secretion was first stimulated by ureteral occlusion, the
subsequent reduction of renal arterial pressure failed to stimu-
late renin secretion further. Eide et al [33] concluded that
stimulation of renin secretion during uretral occlusion is not by
reduction of NaCI load to the thick ascending loop of Henle
and/or the macula densa but by relaxation of the afferent
arterioles including JG cells. There are also several reports
where the stimulation of renin secretion by ioop diuretics does
not correlate closely with the degree of natriuresis [1, 2, Fig. 5
of ref. 4, Tables 3 and 4 of ref. 5, 6]. Furthermore, ethacrynic
acid (1 mM) was found to double renin secretion in isolated
glomeruli without attached tubules [17]. In light of these find-
ings a non-tubular action of ioop diuretics on renin secretion is
possible. Since we have observed that non-diuretic sulfhydryl
reagents stimulate renin secretion, direct actions of loop diuret-
ics with sulfhydryl reactivity on the JG cells may in part
contribute to their stimulatory actions on renin secretion.
In summary, sulthydryl reagents stimulate renin secretion in
vitro from renal cortical slices. The stimulation appears not to
be secondary to alterations of intracellular ion concentration as
a result of an increased membrane permeability to monovalent
cations or activation of NaC1/KCI cotransport. These findings
led us to conclude that non-diuretic sulthydryl reagents stimu-
late renin secretion through their direct reaction with sulthydryl
groups of membrane proteins involved in the renin secretory
process.
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